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Abstract-The Navy's Future Electric ships will contain a
number of pulsed power loads for high-energy applications such
as radar, railguns, and advanced weapons. This pulse energy
demand has to be provided by the ship energy sources, while not
impacting the operation of the rest of the system. It is clear from
studies carried out earlier that disturbances are created at the
generator ac bus. This paper describes an online design and
laboratory hardware implementation of an optimal excitation
controller using particle swarm optimization (PSO) to minimize
the effects of pulsed loads. The PSO algorithm has been
implemented on a digital signal processor. Laboratory results
show that the PSO designed excitation controller provides an
effective control of a generator's terminal voltage during pulsed
loads, restoring and stabilizing it quickly.
I. INTRODUCTION
T HE electric ship power system is based on theintegrated power system (IPS) architecture consisting of
power generation, propulsion systems, hydrodynamics,
and DC zonal electric distribution system (DC-ZEDS) [1]. In
order to maintain power quality in IPS, intennediate energy
storage devices with their corresponding charging systems
are proposed to make the pulsed power required compatible
with the supply system [2]. However, this will increase the
system cost. To some extent, the generator field excitation
control can be used along with energy storage to maintain the
system voltage. The excitation control is one of the most
effective and economical techniques to stabilizing the
tenninal voltage of synchronous generators [3]. Excitation
control elements mainly include an automatic voltage
regulator (AVR) which senses and maintains the tenninal
voltage of the generator and a power system stabilizer (PSS)
which provides the required auxiliary control signal to
improve the dynamic performance. The key element in the
design of the optimal excitation controller is finding its
parameters (gain and time constants) to provide optimal
performance during nonna1 and pulsed loads. In order to
optimize these parameters, many intelligent algorithms are
extended to the design of the optimal excitation controller for
the synchronous generator including fuzzy set theory [4, 5],
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finite-time approach [6], and adaptive control theory [7, 8],
all of which have good perfonnance at maintaining the
tenninal voltage. In [9], a particle swann optimization (PSG)
tuned excitation controller is proposed. Unlike common
perfonnance indices in PSG tuning, the perfonnance index
reported is directly related to Lyapunov stability criteria in
order to stabilize the system. Compared with other
techniques, the PSG-based approach has some advantages
such as ease of implementation, stable convergence
characteristics, good computational efficiency, and
robustness [10]. However, none have demonstrated online
excitation control on a laboratory electrical machine.
Therefore, the online hardware implementation is needed to
show the stability and adaptability of the proposed
algorithms.
In this paper, an online design and hardware digital signal
processor (DSP) implementation of an optimal excitation
controller using PSG to minimize the voltage deviations
when high power pulsed loads are directly powered from the
dc side of an electric ship power system is presented. Thus,
exploring the possibility of reduced energy storage system
capacity with proper excitation control.
II. ELECTRIC SHIP POWER SYSTEM MODEL AND HARDWARE
IMPLEMENTATION
A. IPSfor the Electric Ship
The power system ofthe all-electric ship mainly consists of
four parts: prime movers, advanced propulsion motors, dc
zonal distribution loads, and other auxiliary loads which are
shown in Fig. 1. All prime mover power is first converted into
electric power and then distributed and allocated between
propulsion, pulsed power weapons, ship service power and
other electrical loads as required. In the laboratory setup,




Fig. 1. Simplified power system of an electric ship.
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B. Laboratory Setup: Power Generation
The DDG-I000 proposed electric ship power system
architecture consists of four gas turbine-generator sets. Two
main 36MW and two auxiliary 4MW generator sets, generate
a total of 80MW of electric power [11]. In the laboratory
setup, a small-scale power generation system is used to
emulate the gas turbine-generator sets of the electric ship.
This small-scale system consists a three-phase 60Hz 5kVA
synchronous generator and a 15kW de motor to supply
mechanical torque for the synchronous generator. The
command line-to-line voltage of the generator is set to 180V.
The parameters for the synchronous generator are shown in
the Table I. Since the propulsion load and pulsed loads are
proportionally reduced, the proposed system is a scaled down
laboratory implementation of the IPS in an electric ship.
C. Laboratory Setup: Propulsion System
In the notional electric ship, a propulsion system consists
of a transformer, a rectifier, an inverter, and a propulsion
motor [11]. In the laboratory setup, a 1.62kW resistive load in
the de side is used to simulate the load impact of the
propulsion motors.
D. Laboratory Setup: DC Zonal Distribution Load
In the electric ship, there are many different pulsed loads of
various energy levels and variable durations [12]. In the
laboratory setup, a diode rectifier is used along with a passive
filter to realize the power conversion model and three
IGBT-controlled resistive loads are used to represent three
different energy-level loads on the de side (1.62kW, 3.24kW,
3.24kW). By switching on different IGBTs over time the
effects of a time varying power profile which represent the
pulse power consuming load can be studied [1]. Compared
with the pulsed loads, the impact ofother auxiliary load to the
IPS can be neglected. The hardware implementation
schematic of this system is shown in Fig. 2.
TABLE I
SYNCHRONOUS MACHINE RATINGS AND PARAMETERS.
power 5 kVA field voltage 150 V
voltage 230 V field current 1.05 A
rated current 6.28 A speed 1800 RPM
frequency 60 Hz
rs =0.38.0 Lis =1.12 mH Lmq = 29.4 mH Lmd =39.3 mH
rid =0.11.0 Llfd =1.5 mH r/wl =128.0 Liledl = 7.90 mH
rkJ2 = 1.77 rnQ Llled2 = 4.83 mH r/cqI = 5.07 .0 LlkqI = 4.21 mH
r/cq2 = 1.06.0 Llkq2 =3.50 mH r/cq3 =0.447 .0 Llkq3 =26.2 mH
Fig. 2. Schematic diagram of a scaled down electric ship power system.
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Fig. 3. Laboratory hardware setup of a scaled down electric ship power system and the excitation controller design using PSG.
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C. On-line Optimal Controller Design
In the excitation control loop of Fig. 4, the proportional
gain Ka and time constants Ta , Tb, and Tc have to be
carefully selected to provide satisfactory perfonnance under
nonnal and pulsed load conditions. The objective of the PSO
algorithm is to find these parameters in order to restore and
stabilize the tenninal voltage quickly; especially after pulsed
loads of different magnitudes and durations. In the laboratory
setup, the sampling time is 1s, starting when the pulsed load is
removed. The sampling period is 2ms and total sampled
points are n=500.
~(k+l)=w·~(k)+G ·Rl • (Prest -x(k))
+C1 .~ . (G~ -x (k) )
Xi (k + 1 ) =Xi ( k ) + Vi ( k )
where w is the inertia constant, c j and C2 are two positive
numbers referred to the cognitive and social acceleration
constants, and Rjand R2 are two random numbers with
unifonn distribution in the interval [0,1].
optimization problems [16, 17]. The system initially has a
population of random particles which are given some random
positions and velocities in the search space. The particles
have memory which is used to keep track of their previous
best position Pbest and the corresponding fitness. The swann
has a memory which is used to keep track of best value of all
Pbest (denoted Gbest)' The search process is aimed at
accelerating each particle towards its Pbest and the swann's
Gbest. The velocity and position update equations of the






E. Laboratory Setup: Excitation System
In the laboratory setup, the excitation controller consists of
a sensor board, an AID conversion board, a MSK2812 DSP
board consisting of the TMS320F2812 processor, and a DfA
conversion board. The AID conversion board receives a
tenninal voltage signal fonn the sensor board and output
digital signal to the central controller. The DfA conversion
board receives the PWM signals from the central controller
and outputs them to the IGBTs. The field of the synchronous
generator is connected to a four-quadrant PWM dc drive
supplied by 200-V dc. The laboratory implementation of the
entire system is shown in Fig. 3.
III. IMPLEMENTATION DESIGN OF AN ON-LINE PSO-BASED
OPTIMAL EXCITATION CONTROLLER
A. Excitation Control System
The synchronous generator excitation system includes a
tenninal voltage transducer and load compensator, excitation
control elements and an exciter [13]. Since the proposed
excitation system is simplified, some components such as the
power system stabilizer and under-excitation limiter are not
considered. A simple functional block diagram for excitation
controller is shown in Fig. 4.
Fig. 4. A block diagram for synchronous machine excitation control system.
In Fig. 4, vs* is the nns tenninal voltage reference of the
synchronous generator which is set to 180V and Vs is the
measured value. The nns line-to-neutral tenninal voltage is
calculated in tenns of instantaneous quantities using
(1)
~ 2 2 2Vas + Vbs + Vcs
V. = J3
In this case, the key element in the design of the optimal
excitation controller is finding the optimal controller
parameters ( Ka , Ta , Tb and Tc ) to provide optimal
perfonnance during the pulsed loads.
B. Particle Swarm Optimization
Particle swann optimization is a swann intelligence
technique (a search method based on nature inspired systems)
developed by Kennedy and Eberhart in 1995 [14, 15]. It is an
efficient method for solving one or more large scale nonlinear
Fig. 5. The terminal voltage waveform with shaded fitness area
Therefore, the perfonnance of the optimal excitation
controller in the design stage is evaluated by the objective
function
F= ~ I{[v." -V,(i)J +[v." -V,(i+l)J} (iN)N (4)
2;=1
where V*s is the reference voltage value, i is the number of
sampling points, Lit is the sampling period. The fonnula
without (iLlt) calculates the shaded area which is shown in
Fig. 5. And it is used to minimize the overshoot. The tenn
(iLlt) is a weighting factor that puts an increasing penalty as
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oscillations persist for a longer time; thus directing the PSG
design approach to minimize the settling time of the system
oscillations after a disturbance. The procedure in the design
ofan optimal excitation controller is given in the flowchart of
Fig. 6.
__~ -sf -J _
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Fig. 6. Flowchart of the PSO based design
of an optimal excitation controller.
For the PSG based controller design, N=20 particles are
selected and the PSG parameters w, C] and C2 are set to 0.8, 2
and 2 respectively. In the laboratory setup, thirteen different
sets of pulsed loads with variable magnitudes and durations
(given in Table II) are used to simulate typical high energy
demand pulsed loads such as railguns, electric launchers and
other directed energy weapons. Three sets are used in the
optimal excitation controller design process and other ten sets
are used to test the evolved controller.
TABLE II
PuLSED LOAD TRAINING AND TESTING SETS
Duration lOOms 200ms 400ms 1000 msPulsed load
1.62 kW Test Test Test Test
3.24 kW Test Test Test Search
4.86 kW Test Test Search
8.10 kW Test Search
IV. HARDWARE RESULTS
The convergence of the PSG algorithm during the search is
shown in Fig. 7. The comparative performance of the initially
designed controller by manual tuning and a PSG based
excitation controller design under selected pulsed loads from
the test set are shown in Table II and graphically in Figs. 8 to
11. The comparative performance for all data sets (search and
test) of the excitation controllers with parameters is shown in
Table IV.
Laboratory implementation results indicate that the PSG
based excitation controller can restore and stabilize the








Fig. 7. Fitness during 50 iterations
TABLE III
PARAMETERS OF THE EXCITAnON CONTROLLER
Ka Ta Tb Tc
Initial 4000.000 0.300 0.001 0.001
PSO 4028.060 0.276 0.013 0.055
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Fig. 8. Pulse load of 1.62kW with Is duration
(a) tenninal voltage, (b) field voltage, (c) field current
(c)
Fig. 9. Pulse load of 4.86kW with Is duration
(a) tenninal voltage, (b) field voltage, (c) field current
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Fig. 10. Pulse load of 4.86kW with O.ls duration
(a) terminal voltage, (b) field voltage, (c) field current
(c)
Fig. 11. Pulse load of3.24kW with Is duration
(a) terminal voltage, (b) field voltage, (c) field current
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TABLE IV




Pulsed load: optimal 0.19 3.40
1.62kW for Is initial 0.79 7.00
Pulsed load: optimal 0.22 3.62
1.62kW for O.4s initial 0.81 8.01
Pulsed load: optimal 0.24 3.10
1.62kW for 0.2s initial 0.89 7.78
Pulsed load: optimal 0.24 2.95
1.62kW for O.ls initial 0.90 8.41
Pulsed load: optimal 0.30 2.58
3.24kW for Is initial 1.01 11.40
Pulsed load: optimal 0.34 1.22
3.24kW for O.4s initial 0.86 8.33
Pulsed load: optimal 0.21 1.22
3.24kW for 0.2s Initial 0.81 8.70
Pulsed load: optimal 0.27 1.83
3.24kW for O.ls initial 0.83 8.33
Pulsed load: optimal 0.37 2.78
4.86kW for O.4s initial 1.07 11.67
Pulsed load: optimal 0.22 0.72
4.86kW for O.ls initial 0.95 7.78
Pulsed load: optimal 0.29 1.23
4.86kW for 0.2s initial 1.04 8.33
Pulsed load: optimal 0.40 3.14
8.1 OKW for 0.2s initial 1.24 12.08
Pulsed load: optimal 0.31 1.22
8.IOkW for O.ls initial 0.80 8.23
V. CONCLUSION
This paper has described the online design and laboratory
hardware implementation of an optimal excitation controller
for the Navy's future electric ship using particle swarm
optimization. The objective for the PSO algorithm is to
minimize .the voltage deviations when pulsed loads are
energized by a shipboard power system. By minimizing the
terminal voltage deviations during high power pulsed loads,
the need of large energy storage devices is reduced. Thus, a
reduction in the cost and size of storage devices achieved.
This controller has a number of advantages including ease of
implementation, stable convergence characteristics, good
computational efficiency, and robustness. Hardware results
show that the controller can restore and stabilize the terminal
voltage effectively and quickly after high power pulse loads
are experienced.
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